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Diminished natriuretic response to dopamine in old rats is due
to an impaired D1-like receptor-signaling pathway
SUCHETA BEHERAY, VIKRAM KANSRA,1 TAHIR HUSSAIN, and MUSTAFA F. LOKHANDWALA
Institute for Cardiovascular Studies, College of Pharmacy, University of Houston, Houston, Texas, USA
Diminished natriuretic response to dopamine in old rats is due Dopamine (DA) plays a role in maintaining sodium
to an impaired D1-like receptor-signaling pathway. homeostasis by regulating renal sodium and water excre-
Background. Dopamine (DA) causes natriuresis and diure- tion under various physiological conditions [1, 2]. An
sis, which results from activation of D1-like receptor (D1R) lo- increase in renal production of DA accounts for approxi-cated on proximal tubules. Earlier, we reported that DA failed
mately 60% of the natriuretic response seen during acuteto inhibit Na,K-ATPase in proximal tubules of old Fischer
volume expansion [3]. DA and selective D1-like receptor344 rats. The present study was designed to investigate the
functional consequence of this phenomenon. (D1R) agonists are used to improve renal blood flow and
Methods. Measurements of the functional (natriuretic and function in patients with compromised renal function [1, 2].
diuretic) response to intravenously infused DA and SKF 38393 There is clear evidence that shows that DA-induced natri-
(D1R agonist) in adult (6 month) and old (24 month) Fischer uresis involves, in part, the activation of tubular D1-like344 rats were taken. Biochemical measurements were carried
DA receptors [4, 5]. The activation of D1Rs by DA andout to determine the potential defects in D1R and its signaling
D1-like agonist on the proximal tubules has been shownpathway in proximal tubules of old rats.
Results. We found that intravenous infusion of DA and SKF to inhibit sodium transporters, that is, Na,H-exchanger
38393 caused natriuresis and diuresis in adult rats, but this (NHE) on the brush border membrane (BBM) and
response was blunted in old rats. In the isolated proximal tu- Na,K-ATPase on the basolateral membrane (BLM) of
bules, DA and SKF 38393 inhibited Na,H-exchanger (NHE) the proximal tubules [5, 6], which is the mechanism re-
in adult rats; however, this inhibition was attenuated in old rats.
sponsible for DA-mediated increase in renal sodium ex-Radioligand binding revealed approximately 46% reduction in
cretion. The D1Rs are linked to the stimulation of (1) theD1R binding sites in brush border membranes (BBMs) in old
Gq/11 protein-phospholipase C-protein kinase C path-compared with adult rats. SKF 38393 stimulated [35S]GTPgS
binding in BBM in adult rats, but not in old rats, suggesting way, which leads to the inhibition of Na,K-ATPase activ-
an impaired D1R-G protein coupling. DA and SKF 38393 stim- ity [7–10], and (2) the Gs protein-adenylyl cyclase (AC)–
ulated adenylyl cyclase (AC) activity in adult but not in the old protein kinase A (PKA) pathway, which leads to the
rats. Forskolin and NaF stimulated AC activity in a comparable inhibition of NHE [9, 11, 12].manner in adult and old rats, indicating no defect in AC and G
It is known that the kidney undergoes significant ana-proteins. DA and SKF 38393 failed to stimulate protein kinase
tomical, physiological, and biochemical alterations dur-A (PKA) activity in proximal tubules of old rats. Dibutyryl-
cAMP–mediated PKA activation was also absent in old rats. ing aging, and these changes are most dramatic as com-
Conclusions. A decrease in D1R binding sites, a coupling pared with any other organ or system [13]. Older people
defect with G proteins, and a defect in PKA activation lead show a marked decline in the renal plasma flow [14], a
to diminished DA-mediated inhibition of NHE in old rats, decrease in creatinine clearance, and a decrease in capac-
which may contribute to the blunted natriuretic response to
ity of the kidney to concentrate urine [15]. Some of theDA in these animals.
anatomical alterations in the kidney with aging include
an inexorable loss of renal mass, a decrease in the num-
ber of glomeruli, atrophy of glomerular afferent and1 Present address: Dr. Vikram Kansra, Laboratory of Cell Signaling,
New England Biolabs, Tozer Road, Beverly, Massachusetts 01915, efferent arterioles, and a decrease in the length and vol-
USA. ume of renal proximal tubules [13, 16].
We have shown earlier that DA and SKF 38393 (aKey words: G protein, protein kinase A, Na,H exchanger, aging,
sodium homeostasis, cardiovascular. D1R agonist) failed to inhibit Na,K-ATPase activity in
the proximal tubules of old rats, and there was an approx-Received for publication September 10, 1999
imately 50% reduction in D1R binding sites in BLM ofand in revised form January 19, 2000
Accepted for publication March 1, 2000 old compared with adult Fischer 344 rats [17]. However,
the functional consequence of this phenomenon in termsÓ 2000 by the International Society of Nephrology
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of the ability of DA to cause natriuresis and diuresis in excretion of sodium (FENa) was calculated from renal
clearance of sodium and creatinine.old rats is not known. Also, the ability of DA to inhibit
NHE and its effect on the D1R-coupled signal transduc-
Preparation of proximal tubular suspensionstion pathway in old rats has not been reported. There-
Renal proximal tubular suspensions were prepared asfore, the present study was designed to examine the
described previously [18]. Protein was determined byeffect of DA on renal function in adult and old rats, and
using a Pierce kit, and the data were normalized to unitto measure D1Rs and its coupled G proteins, as well as
protein.the signal transduction pathway leading to the inhibition
of NHE in adult and old rats.
Preparation of proximal tubular BBMs
Rats were anesthetized with pentobarbital (50 mg/kg,
METHODS IP). After a midline abdominal incision, the kidneys were
Animals excised and placed in ice-cold Tris-buffered saline (pH
7.4), and the outer cortex was separated and homoge-Male Fischer 344 rats [23 to 24 months old (old) and 6
nized in Tris-sucrose buffer (pH 7.4). BBMs from themonths old (adult)] were obtained from Harlan Sprague,
cortices were prepared [19], and the pellets were storedDawley, Inc. (Indianapolis, IN, USA). The rats were
frozen at 2708C until use.maintained in the University of Houston animal care
facility. All rats were fed ad libitum with standard rat Na,H-exchanger assay
chow containing 0.4% sodium (Purina Mills, St. Louis,
The NHE assay in the proximal tubular suspensionMO, USA) and were supplied with tap water.
was performed fluorometrically [20]. The renal proximal
tubules (5 mg/mL) were incubated with the fluoroprobeFunctional studies with DA and SKF 38393
BCECF,AM (3 mg/mL) for 30 minutes at 258C with oxygen-The animals were anesthetized with sodium pentobar-
ation. DA (1 nmol/L to 1 mmol/L), SKF 38393 (1 nmol/Lbital [50 mg/kg, intraperitoneally (IP)], and anesthesia
to 1 mmol/L), forskolin (1 mmol/L), dibutyryl cAMP (10was maintained by intravenously infusing pentobarbital
mmol/L), and ethylisopropyl-amiloride (EIPA; 10 mmol/L)(10 mg/kg/hour). Following tracheotomy, the left carotid
were added to the fluoroprobe-loaded tubules, and theand the right femoral arteries were catheterized with
fluorescence was measured (excitation at 503 nm andPE-50 tubing, and the animals were prepared for moni-
emission at 525 nm). The changes in intracellular pH (pHi)toring blood pressure and heart rate as described earlier
were determined with a pH calibration curve (pH range[3]. Both jugular veins were catheterized with a PE-50
6.6 to 7.6) performed at the end of each experiment.tubing for infusion of anesthetic and administration of
saline and/or drugs. The left ureter was catheterized with Radioligand binding studies
a PE-10 tubing following a midline abdominal incision Saturation isotherms were generated using [3H]SCH
for collection of urine samples [3]. Upon completion of 23390, a D1R antagonist in the BBM of adult and oldsurgery, a normal saline infusion (20 mL/min) was initi- Fischer 344 rats. Binding of [3H]SCH 23390 to BBM was
ated via the right jugular vein. performed as described previously [17]. Cold 10 mmol/L
SCH 23390 was used to define nonspecific binding.Experimental protocol
The protocol consisted of five consecutive 30-minute [35S]GTPgS binding
periods termed as C1 and C2 (control), drug infusion, Guanine 59-triphosphate (GTP) binding assay was car-
and R1 and R2 (recovery). During the initial two control ried out as described earlier [9]. The assay was carried
periods, saline alone was infused at a rate of 20 mL/min. out in the presence of approximately 100,000 cpm of
During the third period, in different groups of adult and [35S]GTPgS, 5 mg membrane protein, and SKF 38393 (1
old rats, exogenous DA (1 mg/kg/min) or SKF 38393 nmol/L to 10 mmol/L). Nonspecific [35S]GTPgS binding
(1 mg/kg/min) were infused for a period of 30 minutes was determined in the presence of 100 mmol/L cold
at a rate of 20 mL/min. After the termination of DA or GTPgS.
SKF 38393 infusion, saline (20 mL/min) alone was infused
Adenylyl cyclase assayduring the last two 30-minute periods of recovery.
Sodium concentrations in the plasma and urine were Adenylyl cyclase assay in the BBM was carried out in
measured using a Perkin-Elmer flame photometer (Per- the presence of adenosine 59-triphosphate (ATP) and
kin-Elmer, Oakbrook, IL, USA), and urinary sodium the ATP regenerating system as described earlier [11].
(UNaV) excretion rates were calculated. Plasma and urine The reaction was carried out in the presence of DA (10
creatinine concentrations were measured using a creati- to 100 mmol/L), SKF 38393 (10 and 100 mmol/L), NaF
nine analyzer (model 2; Beckman Instruments, Inc., Ful- (10 mmol/L), and forskolin (1 mmol/L) at 378C for 15
lerton, CA, USA). The glomerular filtration rate was minutes. cAMP was measured by radioimmunoassay us-
ing cAMP assay kit.calculated from the clearance of creatinine. Fractional
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The effect of DA and SKF 38393 on cAMP accumula- purchased from Research Biochemicals International
(Natick, MA, USA). DA, forskolin, NaF, papaverine, di-tion was also investigated in the intact proximal tubules.
butyryl cAMP, ethyl isopropyl amiloride, valinomycin,The proximal tubules were incubated with DA (1 to 100
GTPgS, creatine phosphokinase, phosphocreatine, bo-mmol/L) and SKF 38393 (1 to 100 mmol/L) in the pres-
vine serum albumin (BSA), ATP, GTP and collagenaseence of 50 mmol/L papaverine at 378C for 15 minutes.
and hyaluronidase were purchased from Sigma ChemicalUnlike the AC assay in BBM, proximal tubules were
Co. (St. Louis, MO, USA). The PKA assay kit was pur-not supplemented with ATP or the ATP regenerating
chased from Promega Corp. The [125I] cAMP assay kitsystem. The reaction was stopped, and the cAMP accu-
was purchased from Amersham Life Science (Arlingtonmulation was measured as mentioned previously in this
Heights, IL, USA). Affinity-pure D1A receptor antibody,article.
NHE1 and NHE3 antibody, goat antirabbit IgG-horse-
Protein kinase A assay radish peroxidase conjugate and enhanced chemilumi-
nescence substrates were purchased from Alpha Diag-The proximal tubular suspensions (6.25 mg/mL) were
nostics International (San Antonio, TX, USA).incubated with DA (1 nmol/L to 1 mmol/L), SKF 38393
(1 nmol/L to 1 mmol/L), forskolin (1 mmol/L), and di-
butyryl cAMP (10 mmol/L) at 308C for 20 minutes. The RESULTS
reaction was stopped by placing the samples on ice. The Effects of DA and SKF 38393 on renal function in
samples were treated with saponin (1.06 mg/mL) for five adult and old rats
minutes and subjected to Pep Tag assay (Promega Corp.,
During the control periods, the resting values of UV,Madison, WI, USA) to determine the PKA activation.
UNaV, FENa, glomerular filtration rate (GFR), and meanThe samples were resolved for phosphorylated (due to
arterial pressure (MAP) were not significantly differentkinase activity) and nonphosphorylated peptide on a
between the adult and old Fischer 344 rats. DA and0.8% agarose gel. The gel was photographed under ultra-
SKF 38393 (1 mg/kg/min) infusion produced significantviolet light. The phosphorylated bands were densitomet-
increases in UV, UNaV, and FENa in the adult rats, butrically quantitated, and the values were expressed as pg
the diuretic and natriuretic responses to DA and SKFof phosphorylated peptide/mg protein/15 min.
38393 infusion were markedly blunted in the old rats
compared with the adult rats (Fig. 1). This dose of DAWestern immunoblotting
and SKF 38393 (1 mg/kg/min) did not cause any changes
The samples from proximal tubules and BBM (equiva- in the mean arterial pressure, heart rate, and glomerular
lent to 20 mg protein) were separated by 10% sodium filtration rates in either of these two rat groups (data
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS- not shown).
PAGE) and were electrophoretically blotted onto an
Immobilon P membrane. The membrane blot was incu- NHE assay in the renal proximal tubules
bated with primary polyclonal antibodies: anti-D1A re- Na,H-exchanger in the proximal tubules was assayed
ceptor, NHE1, or NHE3 antibody followed by goat anti- as a measure of the changes in pHi. DA (1 nmol/L to 1
rabbit IgG-horseradish peroxidase conjugate. The bands mmol/L) and SKF 38393 (1 nmol/L to 1 mmol/L) pro-
were detected with chemiluminiscent substrate on x-ray duced concentration-dependent changes in pHi in the
films and were densitometrically quantitated. renal proximal tubules of adult rat; however, this re-
sponse was significantly reduced in old rats (Fig. 2 A, B).Data analysis
Densiotometric analysis of Western blots revealed no
Data are presented as mean 6 SEM. The one way changes in NHE isoforms 1 and 3 (NHE1 and NHE3,
analysis of variance (ANOVA) and the repeated mea- both approximately 85 kD) in the proximal tubules be-
surements were used for comparison of data within tween adult and old Fischer 344 rats (Fig. 2C).
groups. A two-way analysis of variance test was used for Ethylisopropyl amiloride (EIPA; 10 mmol/L), a direct
comparison between groups. The binding data (Bmax and inhibitor of NHE, caused equal changes in pHi in both
Kd) were analyzed using the LIGAND computer pro- adult and old rats, indicating equal inhibition of NHE
gram by BIOSOFT followed by Student’s t-test for com- in adult and old rats (Fig. 2D). Dibutyryl cAMP (10
parison between groups. A value of P , 0.05 was consid- mmol/L), an analogue of cAMP, and forskolin (1 mmol/L),
ered statistically significant. a direct activator of AC, caused significant changes in
pHi in adult rats, but this effect was reduced in old rats
Materials (Fig. 2D).
BCECF, AM was purchased from Molecular Probes,
Radioligand binding studiesInc. (Eugene, OR, USA). [3H] SCH 23390 (81.4 Ci/
mmol) and [35S] GTPgS (1250 Ci/mmol) were purchased [3H]SCH 23390 bound in a saturable manner to the
BBM preparation of adult and old rats. Scatchard analy-from DuPont NEN (Boston, MA, USA). SKF 38393 was
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Fig. 1. Effect of (A) dopamine (DA; 1 mg/
kg/min) and (B) SKF 38393 (1 mg/kg/min) on
urinary sodium excretion, fractional sodium
excretion, and urine output in adult (s) and
old (d) Fischer 344 rats. C1 and C2 are the
control periods (30 min each). DA is the pe-
riod of infusion of DA, and R1 and R2 are
the recovery periods (30 min each). Data are
expressed as mean 6 SEM (N 5 6 per group).
*Significantly different within the group from
control (ANOVA, P , 0.05); #Significantly
different between groups (Student’s t-test, P ,
0.05).
sis (Fig. 3A) of the data revealed a significant decrease Adenyl cyclase assay
in the receptor binding sites (approximately 46%) in old The AC activity was measured in the BBMs of adult
rat membranes [Bmax (fmol/mg protein), 876 6 44 in old and old Fischer 344 rats. DA (10 and 100 mmol/L) pro-
and 403 6 30 in adult]. The Kd values in old (21.2 6 2.75 duced stimulation of AC activity in adult but not in old
nmol/L) as compared with adult (14.82 6 1.02 nmol/L) Fischer 344 rats (Fig. 5A). Similarly, SKF 38393 (10 and
Fischer 344 rats were not significantly different (Fig. 100 mmol/L) produced a significant stimulation in BBM
3B). Densitometric analysis of Western blot revealed no
of adult rats, but the stimulatory effect of SKF 38393changes in D1A receptor protein (approximately 51 kD) was absent in old rats. Forskolin and sodium fluoridein BBM between adult and old rats (Fig. 3C).
produced equal stimulation (approximately twofold and
fivefold to sixfold, respectively) in AC activity in both[35S]GTPgS binding
adult and old Fischer 344 rats (Fig. 5B). The basal activitySKF 38393 was employed to stimulate receptor activa-
(pmol of cAMP accumulation/mg protein/15 min) of ACtion of G proteins in BBM of adult and old Fischer 344
in BBM of old rats (94 6 13) was almost twofold higherrats. SKF 38393 elicited a stimulation of [35S]GTPgS bind-
(significantly different) than in adult rats (43 6 10).ing in the BBMs of adult rats, but not in old rats (Fig. 4).
Similarly, DA and SKF 38393 (10 to 100 mmol/L)The basal values of [35S]GTPgS binding (pmol/mg pro-
produced an increase in cAMP accumulation in the prox-tein) were similar in adult (1.55 6 0.1) and old (1.47 6
0.1) Fischer 344 rats. imal tubules of adult rats, but this effect was not observed
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Fig. 2. Effect of (A) DA (1 nmol/L to 1 mmol/L),
(B) SKF 38393 (1 nmol/L to 1 mmol/L), and
(D) EIPA (10 mmol/L), di-butyryl cAMP (10
mmol/L), and forskolin (1 mmol/L) on NHE in
the proximal tubules of Fischer 344 adult (s,
h) and old (d, ) rats. (C) Density of NHE1
and NHE3 protein (both approximately 85 kD)
was measured from Western blots. Data are ex-
pressed as mean 6 SEM (N 5 4 to 5 per group).
*Significant difference within the group from
control (ANOVA, P , 0.05); #significant differ-
ence between groups (Student’s t-test, P , 0.05).
in old rats (data not shown). The basal values (pmol/mg adult (6 months old) Fischer 344 rats. We have recently
protein) of cAMP levels in the proximal tubules were reported that while urinary excretion of DA was similar
similar in adult (3.86 6 0.24) and old rats (3.84 6 0.35). in adult and old rats, during high sodium intake, there
was an increase in urinary DA in adult but not in old
Protein kinase A assay rats [21]. The lack of an increase in urinary DA in old
Dopamine (1 nmol/L to 1 mmol/L) and SKF 38393 rats also led to a lesser natriuretic and diuretic response
(1 nmol/L to 1 mmol/L) caused a concentration-depen- in old rats compared with adult rats [21]. The present
dent activation of PKA in the proximal tubules of adult study further extends these findings, showing that exoge-
rats, but these agonists failed to activate PKA in old rats nously administered DA also elicits a significantly re-
(Fig. 6 A, B). There were no significant differences in duced natriuretic and diuretic response in old rats com-
the basal PKA activity in the proximal tubules of adult pared with adult rats. Therefore, it is apparent that old
and old Fischer 344 rats (49 6 11 vs. 46 6 9 pg of rats are not only unable to increase DA production dur-
phosphorylated peptide/mg protein/15 min). ing an increase in sodium intake [21], but as shown in
Protein kinase A activity was measured in the presence this study, even when a similar dose of DA is infused
of various compounds that act at different levels of the intravenously, it produces less natriuresis and diuresis in
AC-PKA signaling pathway in the proximal tubules. old rats. This phenomenon is most likely due to a defec-
These compounds include dibutyryl cAMP, an analogue tive D1R-coupled signal transduction pathway. In sup-of cAMP that activates PKA directly, and forskolin, port of this suggestion, we have previously reported that
which directly activates AC causing an increase in cAMP. D1R binding sites were reduced (approximately 50%) inBoth of these compounds caused a marked stimulation BLM of old rats and that DA-induced inhibition of Na,K-
of PKA activity in adult rats, but the stimulation was
ATPase was significantly reduced in old compared withsignificantly diminished in the proximal tubules of old
adult rats [17].rats (Fig. 6C).
In the present study, we found that DA and SKF 38393
produced inhibition in NHE activity in the proximal tu-
DISCUSSION bules of adult rats, but the inhibition of the transporter
by these agonists was greatly reduced in old rats. ThisIn the present study, we found that DA and the D1R
suggested that there may be alterations in the D1R and/oragonist SKF 38393 produced a blunted natriuretic and
diuretic response in old (23 months old) compared with its signaling pathway in the proximal tubules of old rats.
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Fig. 3. (A) Representative Scatchard plot of
specific binding of [3H] SCH 23390 to the BBMs
of adult (d, h; R 5 0.92) and old (s, ; R 5
0.90) Fischer 344 rats. (B) Dissociation constant
(Kd), maximum binding sites (Bmax), and (C)
density of Western blot of D1A receptor protein
(approximately 51 kD). Values are mean 6
SEM of four experiments in triplicates. *Signifi-
cant difference between groups (Student’s t-test,
P , 0.05).
Further experiments revealed that EIPA produced equal Measurement of the D1A receptor (member of D1R fam-
ily) protein in BBM revealed no difference in membranalinhibition in NHE, and the quantity of immunodetect-
able NHE1 and NHE3 was not altered in old compared expression of the protein in adult and old rats. An age-
related decrease in DA D1 receptor binding sites haswith adult rats. This suggested that NHE per se is not
down-regulated or defective, but rather that the defect(s) also been reported in the brain of humans as well as of
Fischer 344 rats [25, 26]. It is likely that the decrease inmay reside on D1R and/or its signaling pathway (Gs-AC-
PKA). A similar observation has also been made in hu- binding sites of the D1Rs may be due to alterations in
membrane fluidity, which has been reported in plateletsman cytoplasmic membranes showing that the activity
of NHE per se did not change with age [22]. and red blood cells of aging humans and in the cardiac
mitochondrial membranes of 24-month-old Fischer 344The D1R binding sites were measured as the first step
in the D1R-coupled signal transduction pathway. We rats [22, 27–29].
To investigate whether the decrease in D1R bindingfound a decrease (approximately 46%) in the D1R bind-
ing sites in BBM of old compared with adult Fischer 344 sites would influence activation of G proteins, we per-
formed [35S]GTPgS binding. It was found that SKF 38393rats with no significant difference in Kd. In addition to our
earlier report [17], others have also showed a decrease in stimulated [35S]GTPgS binding in BBM of adult rats, but
failed to stimulate the binding in old Fischer 344 rats.D1R numbers in whole kidney membrane preparations
in 24-month-old as compared with adult Sprague-Daw- This indicated a defect in the coupling between D1Rs
and the G proteins. Similar to this observation, we haveley rats [23]. Ricci also reported that the D1R binding
density is significantly decreased in aged kidney [24]. previously reported the inability of SKF 38393 to stimu-
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Fig. 4. Effect of SKF 38393 (1 nmol/L to 100 mmol/L) on [35S]GTPgS
binding in the brush border membranes (BBMs) of adult (s) and old
(d) Fischer 344 rats. Values are mean 6 SEM of four experiments in
triplicates. The basal values of [35S]GTPgS binding (pmol/mg protein)
in adult and old rats were 1.55 6 0.1 and 1.47 6 0.1, respectively.
*Significant difference within the group from control (ANOVA, P ,
0.05); #significant difference between groups (Student’s t-test, P , 0.05).
late [35S]GTPgS binding in BLM of old Fischer 344 rats
[17]. The mechanism(s) of such defect in the receptor-G
protein coupling in old rats is not known; however, there
are reports providing some explanations for such a defect
Fig. 5. Effect of (A) DA (10 and 100 mmol/L) and SKF 38393 (10 andin receptor-G protein coupling in hypertensive animals. 100 mmol/L) and (B) forskolin (1 mmol/L) and sodium fluoride (10
For example, it is shown that damage by reactive oxygen mmol/L) on AC activity in the BBMs of adult (h) and old ( ) Fischer
344 rats. The basal AC activity (pmol cAMP accumulation/mgspecies released as a result of the elevated oxidative
protein/15 min) in old (94 6 13) was significantly (P , 0.05) higherstress in the proximal tubules of hypertensive rats may than in adult (43 6 10) rats. Data expressed as mean 6 SEM (N 5 4,
render the coupling of DA-1 receptors with G proteins 5 per group). *Significant difference within the group from control
(ANOVA, P , 0.05); #significant difference between groups (Student’sdefective [30]. It is reported that proteins obtained from
t-test, P , 0.05).older subjects provide less protection against oxidative
stress than that from adult subjects [31]. Therefore, one of
the explanations of the defective D1-like DA receptor-G BBM of adult but not in the old Fischer 344 rats. Simi-
larly, DA and SKF 38393 produced significantly dimin-protein coupling may be the increased oxidative stress
in old rats. Another mechanism may be agonist-indepen- ished stimulation of cAMP accumulation in intact proxi-
mal tubules of old compared with adult rats. Forskolindent phosphorylation of D1R. In the proximal tubule
cells of essential hypertensive subjects, it is shown that and NaF caused similar increases in AC activity in the
BBM of adult and old rats. These observations suggestedD1 receptors are phosphorylated at basal state because
of increased activity of a newly discovered protein, that diminished stimulation of AC by DA and SKF 38393
is due primarily to the reduced D1R binding sites andtermed as FJ1 protein (abstract; Sanada et al, Hyperten-
sion 32:579, 1998). Such phosphorylation leads to the defective coupling with G proteins, and not due to de-
fects in either G proteins or AC per se. However, theuncoupling of D1 receptors from G proteins in hyperten-
sive subjects [32]. However, it is yet to be investigated basal activity of AC in BBM of old rats was significantly
higher compared with adult rats, which may be an at-whether such mechanisms of the receptor-G protein un-
coupling exist in the proximal tubules of old Fischer 344 tempt on the part of the cell to compensate for reduced
signal because of decreased D1R binding sites and itsrats.
To examine the effects of the reduced D1R binding defective coupling with G proteins. However, higher
basal activity of AC in BBM (measured in the presencesites and the defective coupling on the effector enzyme,
we measured AC activity in BBM. We found that DA of ATP generating system) did not reflect in a higher
cellular basal levels of cAMP, as measured in the intactand SKF 38393 significantly stimulated AC activity in
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proximal tubules of old rats. It is possible that the proxi-
mal tubular cells contain a lower amount of ATP, a sub-
strate for AC, which limits AC to produce higher cAMP
accumulation in the proximal tubules of old rats com-
pared with adult rats. There are reports suggesting a de-
crease in energy metabolism and lower production of cel-
lular ATP in the brain of senescence accelerated mice,
a strain used to study aging mechanisms and decrease in
ATP turnover in hepatocytes of old (30 month) compared
with young (3 month) mice [33, 34]. A study carried out
in aged rat blood vessels found no change in forskolin
stimulation of cAMP accumulation, but a blunted re-
sponse to b-adrenergic agonists [35]. However, in the
aged heart, there was a decrease in the basal AC activity
and decreased forskolin stimulation of the enzyme [35].
This discrepancy was attributed to the different isoforms
of AC in the blood vessels and heart, and they were
reported to be affected differently in aged rats [35].
It is reported that PKA is involved in the D1R signaling
cascade, which through the phosphorylation process in-
hibits NHE activity [12]. In the present study, we found
that DA and SKF 38393 activated PKA in a concentra-
tion-dependent manner in adult rats, but failed to elicit
a similar response in old rats. Stimulation of PKA activity
by forskolin and di-butyryl cAMP was also significantly
diminished in the proximal tubules of old compared with
adult rats. The inability, in particular, of di-butyryl cAMP
to stimulate PKA activity suggests a defect per se in PKA
in old rats. While the mechanism of the defect in PKA
is not yet known, it is reported that cAMP binds to the
regulatory units of PKA and causes the dissociation of
catalytic units in the active forms, which in turn phos-
phorylates NHE [36]. It is possible that the cAMP bind-
ing sites on PKA regulatory units are defective and that
cAMP is unable to bind, or the binding of cAMP in
unable to induce dissociation and activation of PKA cata-
lytic unit in old rats. Additional evidence for the defect
in PKA came from the observation that forskolin and
di-butyryl cAMP inhibited NHE in adult rats, but failed
to inhibit the transporter in old rats, suggesting a general-
ized defect. A post-cAMP defect, likely at the level of
PKA, similar to the present study was also reported in
the proximal tubules of spontaneously hypertensive rats
(SHR) [37]. An age-related defect in cerebellar b-adren-
ergic signal transduction pathway is reported to occur at
the level of PKA activation in old Fischer 344 rats [38].
Fig. 6. Effect of (A) DA (1 nmol/L to 1 mmol/L), (B) SKF 38393 (1
nmol/L to 1 mmol/L), and (C) EIPA (10 mmol/L), di-butyryl cAMP
(10 mmol/L), and forskolin (1 mmol/L) on PKA activity in the proximal
tubules of adult (h) and old ( ) Fischer 344 rats. The basal PKA
activity (pg of peptide phosphorylated/mg protein/15 min) in adult and
old rats was 49 6 11 and 46 6 9, respectively. Data are expressed as
mean 6 SEM (N 5 4, 5 per group). *Significant difference within the
group from control (ANOVA, P , 0.05); #significant difference be-
tween groups (Student’s t-test, P , 0.05).
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17. Kansra V, Hussain T, Lokhandwala MF: Alterations in dopa-In summary, the present study has shown that the
mine DA1 receptor and G proteins in renal proximal tubules ofnatriuretic and diuretic response to DA is diminished in old rats. Am J Physiol 273:F53–F59, 1997
old rats. The factors contributing to this phenomenon 18. Chen CJ, Beach RE, Lokhandwala MF: Dopamine fails to inhibit
renal tubular sodium pump in hypertensive rats. Hypertensioninclude a decrease in D1R binding sites, the coupling
21:364–372, 1993defect with G proteins, as well as diminished activation
19. Sacktor BL, Rosenbloom IL, Liang CT, Cheng L: Na-gradient
of PKA. All of these abnormalities in D1R signal trans- and sodium plus potassium gradient-dependent glutamate uptake
duction are responsible for the diminished inhibition by in renal basolateral membrane vesicles. J Membr Biol 60:63–71, 1981
20. Gesek FA, Schoolwerth AC: Hormone response to proximalDA of NHE in the proximal tubules, which ultimately
Na1,H1-exchanger in spontaneously hypertensive rats. Am J Phys-contributes to the reduction in natriuretic response to iol 261:F526–F536, 1991
DA in old rats. The clinical significance of this observa- 21. Vieira-Coelho MA, Hussain T, Kansra V, Serrao P, Guimaraes
JT, Pestana M, Soares-da-Silva P, Lokhandwala MF: Aging,tion in terms of the ability of DA receptor agonists to
high salt intake and renal dopaminergic activity in Fischer 344 rats.promote sodium excretion in older patients remains to
Hypertension 34:666–672, 1999
be determined. 22. Marinho CF, Costa-Maia J, Pinto-de-Barros J, Oliveira CR:
Correlation between human platelet cytoplasmic membrane outer
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